Lecture #15 


° Priority Queues 
— Heaps 
° HeapSort 


Priority Queues 


I CAN'T 
BELIEVE IT 


WORKED 
FIRST TIME! 


I CAN’T 
BELIEVE IT 
WORKED 
FIRST TIME... 


Priority Queues 


A priority queue Is a special type of queue that 
allows us to keep a prioritized list of items. 


In a priority queue, each item you insert into the 
queue has a “priority rating” indicating how 
important it is. 

Any time you dequeue an item fro 
queue, it always dequeues the ite 
highest priority (instead of just the 

inserted). 


Next 
patient 


Example: If | have a queue of 
patients in the emergency room, 
| don’t just take the next patient 

in line, | take the one who has 

the most severe injuries. 


Priority Queues 


A Priority Queue supports three operations: 


° Insert a new item into the queue 
e Get the value of the highest priority item 
* Remove the highest priority item from the queue 


When you define a Priority Queue, you must specify 
how to determine the priority of each item in the 
queue. 

Priority = amount of blood lost + number of cuts 


You must then design your PQ data 
structure/algorithms so you can efficiently retrieve 
the highest-priority item. 


Priority Queues 


Question: What data structures can we use to 
implement a priority queue? Hmmm... 


Let’s make it easier... What if we have just a limited 
set of priorities, e.g.: high, medium low? 


Hint: Think of an airport ticket line with first, business 
and coach (cattle) 
[mr Right - we can use n linked 


lists, one for each priority 
level. 


ptrToHigh 
ptrToMed EEE —> = 
Ea 


Wa 

bes To obtain the highest-priorit 
ptrloLow = item, always take the first 
item from the highest 


priority, non-empty list. 


Priority Queues 


Question: Ok, but what data structure should we use 
if we have a huge number of priorities? Hmmm! 


The HEAP data structure Is one of 
the most efficient ones we can 
use to implement a Priority 
Queue. 


The heap data structure uses a special type of binary 
tree to hold its data. 


As we'll see, while a heap does use a binary tree to 
Store its data, a heap is NOT a binary search tree. 


The Heap ADT 
What’s the big picture? 


A heap is a tree-based data structure used to 
implement priority queues and do efficient 
sorting*. 

There are two types of heaps: 
minheaps and maxheaps 


In a minheap, the smallest item is always at the 
tree’s root. Every time you extract or add an 
item, you update the tree to maintain this 
(In a maxheap, {AEQPENEYkem is at the root.) 
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Maxheap[] 


Due to clever use of an 
array to implement the 
tree, it’s fast - O(log,n) 
- to keep the proper 
item at the top when 
you extract/insert 


s All Heaps Use a Complete Binary 


Tree 
A complete binary tree is one in which: 


° The top N-1 levels of the tree are completely filled 
with nodes 


° All nodes on the bottom-most level must be as far left 
as possible (with no empty slots between nodes!) 


_-=_lreot pir Is it complete? 


=z] Nido NOt% bf etre insides 
omohdedottiiva tepdildre 
asl€velefofathedssiéle! 


“mel” liza 


Heaps... Of... 


A heap is a special type of complete binary tree 
(it’s not a binary search tree). 


There are two types of heaps, minheaps and 
maxheaps: 
Maxheap: 


1. Quickly insert a new item into the heap 
2. Quickly retrieve the largest item from the heap 
Minheap: 


1. Quickly insert a new item into the heap 
2. Quickly retrieve the smallest item from the heap 


The Maxheap 


A maxheap is a binary tree which follows these rules: 


1. The value contained by a node is ALWAYS 
GREATER THAN OR EQUAL TO the values of the 


node’s children. 


2. The tree is a COMPLETE binary tree. 


Question: What are the 
rules for a minheap? 


Complete Binary Tree: 
Every level except the 
deepest level must 
contain aS many nodes 
as possible, and the at 
the deepest level, all 
nodes are as far left as 


noanccihla 


THIS IS Os 


may 


No! White e 
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The Maxheap 


Which of the following are valid maxheaps? 


very node 
than its 


Chil 


3 
oull ouk 


= 


a m o 


y trpe: 


aii 


3 
oull oul 


4 
nuli oul 


8 
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Yes! 


Yes! 


1. The value contained by a node is ALWAYS >= the 
values of the node’s children. 
2. The tree is a COMPLETE binary tree. 


The Maxheap 


One thing you'll notice about a 9 
maxheap Is... 


that, by definition, the biggest / 5 
(highest priority) item 7 Teil Fatt 
is always at the root (top) i oe 
of the tree! — aaa 


This means its easy to always find the 
biggest (highest priority) item in just a single step! 


1. The value contained by a node is ALWAYS >= the 
values of the node’s children. 
2. The tree is a COMPLETE binary tree. 


Operations on a Maxheap 


Allright, now let’s see how to extract an item from a 
heap and to add a new item to a heap! 
ok 


toh 


ae 


“ete 


+ 
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Extracting tne bIggest 


Item 


If the tree is empty, return error. 


Otherwise, the top item in the tree is 


the biggest value. Remember it for 
later. 
If the heap has only one node, then 


delete it and return the saved value. 


Copy the value from the right-most 
node in the bottom-most row to the 
root node. 

Delete the right-most node in the 
bottom-most row. 

Repeatedly swap the just-moved 


value with the larger of its two 
children until the value is greater 


than or equal to both of its children. 


Rat ede value to the user. 


= 


When we're done, 
the largest value is 
on the top again, and 
the heap is 
consistent. 


Extraction Challenge! 


= 
2 ee Oy Si aS Bi) han 3 IA 
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Show the resulting heap 
after extracting the largest 


La er | 
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. If the tree is empty, create a 
new root node & return. a 

. Otherwise, insert the new 
node in the bottom-most, left- 7 5 
most position of the tree (so YETR aren ave 
it’s still a complete tree). 1 >| 


. Compare the new value with its im iM Em itt 


. Repeat steps 3-4 until the 


AMG GA INUUS LU a 


(Let’s Maxhea Pvalue of 9) 


parent’s value. 


. If the new value is greater 


than its parent’s value, then 
Swap them. This process is called 
“reheapification.” 


new value rises to its proper 
place. 


Insertion Challenge! 


2 
null oul m EAMATEN ið, timo 


ian S ARS 
IEOH OEE) 


du Bf Se is bigger. 
Show the resulting heap 
after inserting a valueQof 9! 


And now, time for your favorite game!!!! 
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Implementing A Heap 


Question: 
What data structure can we use to implement a 


? 
How about a classical NAP Am... But this has some 
binary tree node with links? challenges. What are they? 


struct node 


{ 


Int value; 


node *left, *right; 
iz 


1. It’s not easy to locate the bottom-mos 
during extraction. 


*TIght-most node 


2. It’s not easy to locate the bottom-most, left-most open spot 
to insert a new node during insertion! 


3. It’s not easy to locate a node’s parent to do reheapification 
swaps. 
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Implementing A Heap 


Perhaps there's some Hmmmm. What about an 
better data structure we array? 


could use... 

Well, we know that each 
level of our tree has 2x 
the number of nodes of 


= the previous level*. 


Ts So what if we just 
copy our nodes a level 
at a time into an 
array??? 


2 
* Except for the last level... 


3 8 
pam mm m uo! 


22 


Implementing A Hea pt count: 
p g Pt aui 


So what if we just 

copy our nodes a level int heap[1000]; 

at a time into an 
array??? 


: ee el oe 
UNEP oOoYVANDUBWNEHO 
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mpesyenuns A Heap 


Int count: 


int heap[1000];: 


12 
ai 
XY 7, 


=the properties of our array-based tree? 
We can always find the root value in heap[0] 


We can always find bottom-most, right-most node 
in heap[count-1] 

3. Wecan always find the bottom-most, left-most 
empty spot (to add a new value) in heap[count] 


4. Wecan add or remove a node by simply setting 
heap[count] = value; and/or updating our count! 


0 12 
| 
2) 10 
3 ie 
4 2 
5 E 
9 
10 
11 
12 
13 
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Ok, In our array, - = 
how do we locate 
2 the left and right 
pullo aN, a children of a 
, node? 4| 2 
2 1 Let’s consider some examples: 5 8 
6| 4 
Parent Slot# Left Child Slot# Right Child Slot# 7 2 
0 1 2 8 1 
2 5 6 9 
3 7 8 


hallenge: Come up with a formula to locate a node’s childr 


Hint: It’s of the form leftChild(parent) = 2° parent + 1 
rightChild(parent) = 2 .* parent 2 = 
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Implementing A Heap intcount; 
p g p ‘coat 


int heap[1000]; 


in 0 i 
3 2 8 4 10 
a nuliguiinul|nul 
2 1 Let’s see, does our formula work? 
nu lou Ulu 


Consider this node, which ts in slot #1 of our 
array? 
leftChild(1) =2* 1 + slot 3 
rightChild(1) = 2 * 1 +2 slot 4 


Our formula appears to work! 


>OoOnN DD UI BW N 
eINIA | O;N |] Ww 


Hint: It’s of the form leftChild(parent) = 2 * parent +: 
rightChild(parent) = 2 * parent + 


Implementing A Heap int count; 
[ 9 | 
E int heap[1000]; 


i 10 ol 12 
= E 
3 2 8 2| 10 
ev And, due to a property \ 3, 3 
i 2 
: i So gi of C++ integer 4 
mR TRT two c division... 5| 8 
, 6| 4 
AEE E S616 this formula works 7 2 
left and right children! 9 
Answer: Use s ebr 
cparent -= child-1 
— 2 
Hint: It’s of the .e.... jo _mi(darent) =2* parent + 1 


rightChild(parent) = 2 * parent + 


- Im lementin A Hea int count; 
p g p ‘cot 


int heap[1000]; 


O 
m 
N 


aP 
3 3 
4 2 
a = 
Ok, let's veri 7 — 
, let’s verify that it works... 
The parent of slot #1 is... (1-1)/2 8 1 


The parent of sfo0#2 is... (2-1)/2 = 
The parent of slob #7 is... (7-1)/2 = 
parent = __ 3"! -1 
2 
Cool stool! So now we know how to locate the children 
of a node, find the parent of a node, and add and 
remove nodes! 


Heap In an Array 
Summary 


So, now we know how to store a heap in an 
array! 
Here’s a recap of what we just learned : 


1. The root of the heap goes in array[0] 


2. 


3. 


lf the data for a node appears in array[i], its 
children, if they exist, are in these locations: 
Left child: array[2i+1] 
Right child: array[2i+2] 


lf the data for a non-root node is in array[i], then its 
parent Is always at array[(i-1)/2] (Use integer 
division) 


ass HeapHelper 


HeapHelper() { num = 0; } 

int GetRootIndex() { return(O); } 

int LeftChildLoc(int i) { return(2*i+1); } 

int RightChildLoc(int i) { return(2*i+2); } 
int ParentLoc(int 1) { return((i-1)/2); } 
int PrintVal(int 1) { cout << ali]; } 


3. AddNode(-7); 
5. AddNode(999): 
4. AddNode(314): 


int i = GetRootindex(); 


hes PrintVal(i); 
te Ato overs line v) talnum] =v; ++num) | _ LeftChildLoc(i): 
riVale: PrintVal(i); 
nt a[MAX_ITEMS]; i = RightChildLoc(i); 


int num; PrintVal(i); 


Output: 
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A Heap Helper Class 


ass HeapHelper 


HeapHelper() { num = 0; } 

int GetRootIndex() { return(O); } 

int LeftChildLoc(int i) { return(2*i+1); } 

int RightChildLoc(int i) { return(2*i+2); } 
int ParentLoc(int 1) { return((i-1)/2); } 
int PrintVal(int 1) { cout << ali]; } 


void AddNode(intv)  { alnum] = v; ++num 
rivate: 

int a[MAX_ITEMS]; 
int num; 


Output: 


* Using an Array to Implement a 
Heap 


Ok, so now let’s see how to use a simple 
array to implement a maxheap. 


To do so, we'll need to be able to easily 
do the following operations: 


Locate the root node of the tree.. by] 


Locate (and delete) the bottom-most, 
right-most node in the tree |] 


Add a new node in the bottom-most, left- 
most empty position in the tree. fy] 


Easily locate the parent and children of 
any node in the tred} 


“Extracting from a Maxheap - 
The Array Version! =m count 


1. If the count == 0 (it’s an empty tree), 
return error. 


2. Otherwise, heap[0] holds the biggest 
value. Remember it for later. 


3. If the count == 1 (that was the only node) 
then set count=O and return the saved 


int heap[1000]; 
12 


4. al the value from the right-most, 
bottom-most node to the root node: 
heap[0O] = heap[count-1] 

5. Delete the right-most node in the 
bottom-most row: count = count - 1 


6. Repeatedly swap the just-moved value with 
the larger of its two children: 
Starting with i=0, compare and swap: 
heap[i] with heap[2*i+1] and heap[2*i+2] 


7. Return the saved value to the user. 


ee 
WNPOoVANOAUBWNEF OO 


Finally, our heap has been 
“reheapified” and we’re 


comparing and swapping 
process until our copied item Is ) it 
in the right place. 
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Adding a Node to a Maxheap - 
The Array Version int count: 
1. Insert a new node in the bottom- 


most, left-most open slot: 


heap[count] = value int heap[10]; 


count = count + 1; ‘a 
1 
2. Compare the new value heapli] ui 
with its parent’s value: heap|(i- 2 O 
3 
J: FF thie new value is greater i 
than its parent’s value, then 4 


swap them. 


4. Repeat steps 2-3 until the 
new value rises to its proper 
place or 
we reach the top of the array. 


Finally, our new value has 
reached its proper position in 
the heap and we're done... 


ee \) 
Let’s add 12 to our heap! / 


int count; 
Gs 5 


7 oull oul 


1 
2 
3 
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Class Challenge 


Show a maxheap and its array after inserting 
each of the following numbers: 


1,6, 4, 5, O, 8, 3, 12 


Class Challenge #2 


Now show the maxheap and its array after 
removing the biggest 2 numbers: 


Complexity of the Heap 


Question: What is the big-oh cost of inserting a 
new item into a heap? 


e 


sloth 
u Nth ( 


(This is hb rt z E 
our heap is stored in an 


Question: What is the big-oh cos@6P&xtracting the 
maximum/minimum item from a heap? 


JuSinee THEN AERP OAT THAR DEM ERI RA rae 
Weoaced teneunberatate th sOmisre dares een doe 


So inserting and extra om a heap is O(log,(n)) 


log,(N) 
levels 


Alright, one last time today... 


ke 
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Heapsort 


sucess IWROTE A 


CLEAN HEAPSORT 
TODAY. 


The Heapsort 
What’s the big picture? 


Heapsort is O(n*log,n) sort that uses a 


maxheap in a super clever way to sort a bunch 


of values*. | 
In a nutshell, you start by taking the array that 


you want to sort and converting it into a 


maxheap. 
Then you repeatedly remove the largest item 


from the maxheap and store it back into the 
array. 
The first item removed from the maxheap 
goes into the last slot of the array, the next 
item removed goes into the second-to-last 
Slot, etc. The final item (the smallest one) goes 
in slot O. 

Once you’ve removed all N items from the 
heap, and put them back into the array (from 
back [] front, biggest [] smallest), it’s 
completely sorted! 


i The Heapsort 


Question: Answer: 
How can we use a heap to Here’s a “naive” 
sort a bunch of items? way to do it... 


Given an array of N numbers that we want to sort: 


t>insert all N numbers into a new maxheap 

2>While there are numbers left in the heap: 
A>Remove the biggest value from the heap 
— B, Place it in the last open slot of the array 


1 


And voila! 
Our array is sorted! | | 


The Naive Heapsort 


Question: 
What’s the complexity of our simple version of 


heapsort? 
Hints: 


What is the cost of inserting an item into a maxheap? 
What is the cost of extracting an item from a maxheap? 
How many items must be inserted and then extracted? 


Insertions: N items *log,(N) steps per itemf N log,(N) steps 
Extractions: N items *log,(N) steps per itemf N log,(N) steps 


That comes to 2 * N log.,(N) total steps, or O(N log,(N)). 


Not bad! But in fact there’s an even faster way to use 
a heap to sort an array... Let’s see it! 


The Efficient Heapsort 


In our naive algorithm, we took every item from the 
array and inserted it into a separate, brand-new 
maxheap. 


So first we built a separate maxheap from scratch, 
copying every one of our items over! 


And then we had to remove each one from our new 
heap and stick them back into our original array. So 


SLOW! 
Question: 


Could we have avoided creating a whole new maxheap 
and moving our numbers back and forth? 


Answer: 
Yes! That’s the way the “official” Heapsort works! Let’s 
cool 


The Efficient (Official) Heapsort 


Let’s update our original inefficient algorithm to 
turn it into the efficient (official) version. 


Given an array of N numbers that we want to sort: 


1. InConvert our input array into a naxheap 
2. While there are numbers left in the heap: 
A. Remove the biggest value from the heap 
B. Place it in the last open slot of the array 


Wow! It’s that simple? Yup! 


We're just going to just shuffle the values around 
in our input array so they become a maxheap. 


Then we'll use that maxheap as if it were a separate 
array like before. Only now everything's in just one array. 
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Step #1: 
Convert your randomly-arranged input 
array into a maxheap by cleverly 
shuffling around the values in the array. 


I'ma 
maxhea 


Let’s learn the algorithm to perform this shuffling. 


48 Step # Array into a 
By last node, we mean 
the bottom-most, right- 


most node in the tree. 


ray as a tree. 


This corresponds to the 
last element in the array. 


Well, this is already a 
valid maxheap since it 
only has one element! 


visually with a t 
actually operate 
the input array 


— for (curNode = las 


—> Focus on the sub 


So there’s no need to 
shift the value of 21 
down! 


— Think of this subtree as a maxheap 


—>Keep shifting the top value down u 
your subtree becomes a valid maxheatr > 


Pe 


49 Step #1: Convert Your Input Array into a 
MaxHeap 


Let’s start by visualizing our array as a tree. 


Again, this is already a 
valid maxheap since it 
only has one element! 


Ok, now here’s the 
algorithm: 


— for (curNode = lastNode thru ra 
So there’s no need to 


— Focus on the subtree rooted at shift the value of 18 
— Think of this subtree as a maxh& 


— > Keep shifting the top value down until 
your subtree becomes a valid maxhear 


Pane 
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Step #1: Convert Your Input Array into a 
MaxHeap 


Let’s start by visualizing our array as a tree 


Ok, now here’s the 


Again, this is already a 


18 21 


algorithm: 


— for (curNode = lastNode th 


valid maxheap since it 
only has one element! 


So there’s no need to 


—p = 
Focus on the subtree roota 


— > Think of this subtree aS a Me 


— Keep shifting the top value down until 
your subtree becomes a valid maxhear 


51 Step #1: Convert Your Input Array into a 


MaxHeap 


Let’s start by visualizing our array asat 


Ok, now here’s Again, this is already a 


18 21 


valid maxheap since it 


Igorithm: 
a only has one element! 


—> for (curNode = lastNo 


So there’s no need to 


—> Focus on the subtreq shift the value of 5 down! 


Step #1: Convert Your Input Array into a MaxHeap 


Let’s start by visualizing our array] ¢ a tree. 


Ok, now here’s the 0,;3/;9/1/)/5|4/1821 
algorithm: 

—>for (curNode = lastNode thru rootNode): 
— > Focus on the subtree rooted at curNode. 


Think of this subtree as a maxheap. 


Keep shifting the top value down until 
your subtree becomes a valid maxheap. 


21 
ie a 


Of course, our actual algori 
would do these swaps in the o a MaxHeap 


Now we simply use our 
normal heapification 
algorithm to turn this subtree 


into a maxheap. 


5 4 1821 


We'll keep Swapping our root 


value down with its larger 

child until it’s bigger than 
both of its children (or hits a 
leaf)! 


—for ( 
FO 
— Thip 


— Keep shifting t 
your subtree b 


into a valid 
maxheap. 


Step #1: Con D a MaxHeap 


Of course, our actual 
algorithm would do 
these swaps in the 

array... [] 


Let’s start as a tree. 


Ok, now here’s the 215/418 1 
algorithm: 


— for (curNode = lastNode thru ro¢ 


Excellent! Now this 
subtree is a valid 
maxheap too. 


— Focus on the subtree rooted at 


— Think of this subtree as a maxh 


— Keep shifting the top value | ph ee 
your subtree becomes a val this subtree as a 


maxheap with a 
new value at the 


top that needs to 
be sifted down... 


Step #1: Con D a MaxHeap 


Of course, our actual 
algorithm would do 
these swaps in the 

array... [] 


Let’s start as a tree. 


Ok, now here’s the 


Now this subtree is also a 


— for (curNo valid maxheap! 


Notice how it actually built 
upon our earlier maxheap 
that we previously 
heapified! 
drill. Let’s treat 
this subtree as if 
it’s a maxheap 
and sift the top 
value down 
appropriately. 


— > FOCUS o 


your subtree 


Step #1: Convert Your Input Array into a MaxHeap 


Let’s start by visualizing 


array as a tree. 


Ok, now here’s the 0 2118 3 419/1 
algorithm: , 
"ma 
for (curNode = lastNode valid 
— Focus on the subtree rol maxheap 
, , | 
TECHIMO VARRE 28 Bells 
hi kaerrgisirg he toewsheeomen until 
your Subtresikegomes a valid maxheap. / 2h 18 
As we heapify higher sub-trees, ai 
ma 


theapiérn g dapitied reader! 
node, our entire array will 
hold a valid maxheap! 


they rébynaporetne finisesUb-trees S 
1 
Ee 


Step #1: Convert Your Input Array into a MaxHeap 


There’s one more thing to consider! 


If you noticed, we wasted a 
bunch of time looking at 0391 54 1821 
single-node sub-trees. 


But we only had to reheapify 
once we reached a sub-tree 
with at least two nodes. 


Wouldn't it be great if we 
could jump straight to this 


node to save time? 


We can - here’s how! E> 


at least one child. 


Allowing us to skip all of the 
single-element trees - that’s 
roughly 50% of all the 


This locates the lowest, right- 
most node in the tree that has 


to_a MaxHeap 


n r! 


9/1/5/4|1821 


fan tau Nede rypastNode thru rootNdtle) 


Focus on thtctartNode eoted at curNode. 
Think of this subtree as a maxheap. 


Keep shifting the top value down until 
your subtree becomes a valid maxheap. 


123 45 67 


21 
ic 


This is the complete version of 
the efficient shuffling 
algorithm! 


SKIP} 
SKIP! 
SKIP} 
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reheapifyin 
1 slots h 
maxheap 


#1 and our |p 
a ai ji 


215/18 3014/9 Į1 


Alright, so we’ 


Step #2 of our efficient 
heapsort is virtually identical 
to Step #2 of naive 

heapsort! 


l., Copy the value from the right-most node 
in the bottom-most row to the root 


node. 


2. Delete the right-most node in the 
bottom-most row. 


3. Repeatedly swap the just-moved value 
with the larger of its two children until 
the value is greater than or equal to 


60 


Now the last two \2 
Slots of the array 
hold the two 
biggest values in = 

sorted order! 


4 
es 
a dee 


/ ti e/a) lo 
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While there are numbers left in the heap: 


1. Extract the biggest value from the maxheap and re-heapify 
(just as we learned about 20 slides ago) 


This frees up the second-to-last slot in the array 
(since the heap now has 1 fewer value in it) 


2. Now put the extracted value into this freed-up slot of the arra 


three slots of the 
array hold the 


If you keep repeating this 


extraction/reheapification 

/insertion process 
the array will be 

completely sorted! 


While there are numbers left in the heap: 


1. Extract the biggest value from the maxheap and re-heapify 
(just as we learned about 20 slides ago) 


This frees up the third-to-last slot in the array 
(since the heap now has 1 fewer value in it) 


2. Now put the extracted value into this freed-up slot of the arra 


If you think it should 
be O(N log2N), | did 
too. [] Come to office 
hours for an 


Big-O of Heapsort! 


explanation. 


Step #1: 

First we take our N-item array step #1 has a Big-O of O(N). 
(shown here as a tree) and In other words, we can 
convert it into a maxheap. convert a random array into 

a maxheap in just O(N) steps! 
We do this from the bottom up 
by converting successively + 


larger subtrees into maxheaps 
until the enne a has been 


Then we repeatedly extract Apa i 3 — oi 
the jtt largest item from the 


maxheap and place that item why? ESERIES We ees on item 
from en g-N steps. 
We perit A Ae N 
times toG¢N togs ithe array. 


back into the array, j slots 


HeapSort Challenge 


Challenge: Show how to do an in-place heap-sort with 
the following array of numbers. 


53/9 /6|1g4 1436 


Step 1: Show the array after each non-leaf is “sifted 
down” in the array until a valid heap is formed. 


Step 2: Show the array after the first 3 items have 
been removed from the heap and inserted at the end 
of the array. 


(Remember: Sift from j=N/2-1 down-to j=0) 


Challenges 


Question: Consider a tri-nary tree, where each node 
has three children, represented by an array. Givena 
node /, where can you find its 3 children in the 
array? Where can you find its parent? 


Question: You need to do a fast table search and you 
also need to print out records in alphabetical order. 
Which table ADT will you use? 


Question: What is the big-oh of traversing a binary 
search tree? 


